We report femtosecond time-to-space transformation by means of a potassium niobate nonlinear optical crystal inside a femtosecond pulse shaper. We achieve an upconversion efficiency higher than 50%, a more than 500-fold increase as compared with previous results. We also present theoretical guidelines for estimating the efficiency of such time-to-space converters.
INTRODUCTION
In recent years powerful techniques for femtosecond waveform synthesis and processing have been demonstrated based on spatial filtering of optical frequency components spectrally dispersed within a femtosecond pulse shaper. 1, 2 In essence these techniques transform a onedimensional parallel optical pattern into a serial signal in the ultrafast time domain. Several groups have also reported the converse-namely, all-optical time-to-space (or serial-to-parallel) transformation of femtosecond optical pulses by spectral holography. 3, 4 However, one key problem associated with this approach is slow response (microseconds at best). A related technique for time-tospace conversion of picosecond pulses uses the excitonic optical nonlinearity in ZnSe film material. 5 Although this material has the advantage of fast response time (ϳ13 ps), its operation wavelength is 442 nm, and it has to be cooled to cryogenic temperatures. A third scheme, proposed by Mazurenko, Fainman, and coworkers, 6, 7 relies on the instantaneous nonlinear effect of sum frequency mixing (SFM) by means of a nonlinear optical crystal within a pulse shaper. This scheme is an important advance because of the combination of fast response and operation at convenient wavelengths and temperatures. However, in previous short-pulse experiments in which angle-tuned type-I phase matching is used in an LBO crystal, 7 the conversion efficiency was rather low (ϳ0.1%). In the present paper we report achieving femtosecond optical time-to-space mapping with a greater than 50% conversion efficiency by use of temperaturetuned noncritical phase matching (NCPM) in a thick potassium niobate (KNbO 3 ) nonlinear crystal (NLC). This increase in efficiency by more than 500-fold may enable systems using time-to-space mapping in conjunction with smart-pixel optoelectronic-device arrays to perform sophisticated ultrafast pulse-processing operations repeatable at communication rates.
EXPERIMENTS
The experimental arrangement, which is similar to that in Ref. 7 , is shown in Fig. 1 . A short pulse (ϳ125 fs wide) emitted by a mode-locked Ti-sapphire oscillator is split into two beams, a featureless reference pulse e r (t) and a signal beam e s (t), which can be shaped. The two beams are diffracted by the single diffraction grating (600 lines/ mm) such that the ϩ1 diffraction order from one beam is parallel to the Ϫ1 order from the other. The two diffracted beams pass through lens L 1 (with focal length f 1 ϭ 6 cm) and are spectrally dispersed in the back Fourier plane of the lens. We have utilized both a collinear as well as a noncollinear geometry, in which the two beams are displaced vertically by a few millimeters at the grating. The two beams interact in the KNbO 3 NLC, which is mounted on a thermoelectric cooler for precise temperature control. Since the dispersions of the two beams are equal in amplitude and opposite in sign, the highfrequency components of the signal beam spatially overlap and mix with the low-frequency components of the reference beam, and vice versa. This interaction in a nonlinear crystal, while satisfying the phase-matching condition, results in generating a blue SFM beam that oscillates at the optical frequency SUM ϭ 2 c and is quasimonochromatic, where c is the center frequency of the input pulses. For a sufficiently short reference pulse, the spatial profile of the blue beam at the output of the NLC is proportional to the Fourier transform of e s (t). By performing a spatial Fourier transform with lens L 2 (with focal length f 2 ϭ 16 cm), a spatial replica of e s (t) is obtained and recorded with a CCD camera.
Our experiments are performed using a 5 mm ϫ 3 mm ϫ 6.2 mm a-cut KNbO 3 crystal. KNbO 3 is known to possess a high nonlinear coefficient 8 (d 32 ϳ 20 pm/V) and a large damage threshold, 9 and to allow noncritical type-I phase matching for blue generation at ϳ430 nm by temperature tuning. These properties make this crystal an attractive choice for our application. Because of its large group-velocity mismatch (ϳ1.2 ps/mm for 860 to 430 nm conversion) and narrow phase-matching bandwidth (ϳ0.7 nm for crystal length of 6.2 mm), this NLC has been useful only for doubling cw and, to some extent, picosecond pulsed lasers. 10, 11 Since our experiment converts femtosecond input pulses into quasimonochromatic upconverted pulses, the narrow phase-matching bandwidth is not a major issue. This permits the use of the large nonlinear coefficient in a NCPM geometry with no spatial walkoff to allow high-conversion efficiency and is an important contribution in our work. In our experiments the fundamental beam propagates along the crystallographic axis a with its polarization along the b axis, generating a nonlinear polarization with a second-harmonic beam polarized along the c axis. In this case the fundamental wavelength can be tuned between 840 nm and 940 nm for temperatures between Ϫ38°C and 180°C. 12 Here we tune the center wavelength c of the laser to 857.7 nm, which allows type-I NCPM for the quasimonochromatic output at 428.85 nm at room temperature. Shown in Fig. 2 are the images, in the detector plane, of the blue beam in two cases as the Fourier transforms of the signal and the reference pulses interact in the crystal. In Fig. 2(a) the image shown is for the interaction of two identical pulses with zero time delay between them. On the other hand, Fig. 2(b) shows the image in the case of two signal pulses generated by insertion of a thin glass slide into part of the signal beam. The time-to-space process converts the pulse doublet into two blue spots. Each one of the blue spots is a result of the interaction of one signal pulse and the reference pulse. To demonstrate the linearity of the time-to-space mapping, Fig. 3 shows the displacement of the center of the blue beam in the detection plane as the time delay between the signal and the reference is varied. The calibration constant is estimated to be 0.80 mm/ps, and it is in good agreement with the value 0.776 mm/ps calculated from the expression
where SUM is the wavelength of the SFM beam. It is interesting to find that, except for the difference in the ratio SUM / c , this expression is the same as that derived for the case of time-to-space transformation using thin photorefractive material. 3 We should note that in Fig. 2(b) , the distance between the two spots was measured to be ϳ1.3 mm, corresponding to a 1.63-ps time delay. This is in excellent agreement with the predicted value of ϭ (n Ϫ 1)s/c ϭ 1.667 ps, where c is the speed of light, s ϭ 1 mm is the thickness of the glass slide inserted into the input of the signal beam to generate the pulse doublet, and n ϭ 1.5 is its refractive index.
Also shown in Fig. 3 is the intensity of the SFM beam as the signal pulse is delayed with respect to the reference. This measurement shows that the time window, within which the SFM beam intensity remains at у50% of the peak intensity obtained at zero delay, is T ϭ 3.9 ps. The finite time window arises because of the finite spot sizes of individual frequency components focused at the Fourier plane, which limits the spectral resolution of the optical system. An expression for the resulting window has been derived in the context of pulse shaping 2, 13 and is given by
Here w in ϭ 1.05 mm is the measured radius of the input beam, d is the periodicity of the grating, and in ϭ 33°is the angle of incidence. Using these values in Eq. (2) we obtain T ϭ 3.66 ps, in excellent agreement with the data. If desired, the time window can be increased by use of a larger groove density or by an increase of the spot size of the beam at the grating. The IR signal-to-blue conversion efficiency of this system was measured with a power meter placed close to the output facet of the crystal. The conversion efficiency of the signal beam is expected to depend linearly on the pump power. Shown in Fig. 4 is the variation of the efficiency as the average power of the reference (or pump) beam is varied for a fixed signal average power of 5.3 mW. A linear dependence is observed. At a pump power of 160 mW, 3.12 mW of blue is detected, corresponding to a conversion efficiency of 58%. The data presented in Fig.  4 were obtained with the signal and the reference beams aligned to propagate collinearly in the crystal. This means there is some cross-talk because of the blue light generated by the reference and signal beams individually. Such cross talk due to the individual beam contributions are neglected since (a) only a narrow range of input frequencies very close to c are phase matched, and (b) the blue light generated from the individual beams is spread uniformly over the entire ''time window'' in the plane of the CCD. Nevertheless, we have also performed experiments in a noncollinear geometry that eliminates the signal from individual beams. In that case we measured a conversion efficiency ϳ2/3 as large as in Fig. 4 . In addition we have measured conversion efficiency versus temperature and found a FWHM temperature tuning range of 1.03°C for fixed input center wavelength. This is in good agreement with our calculations, which are not described here.
CONVERSION EFFICIENCY ANALYSIS
We now estimate the efficiency expected in such time-tospace conversion experiments and discuss the key parameters important for optimizing the efficiency. For nonlinear frequency mixing with Gaussian beams in which a signal beam at s and a reference beam at r generate a SFM beam at SUM (ϭ s ϩ r ), the power conversion efficiency is given by
where
Here P s , I r , and P SUM and n s , n r , and n SUM are the intensities, powers, and refractive indices associated with the signal, the reference, and the SFM beams, respectively; d eff is the effective nonlinear coefficient, L eff is the effective interaction length in the crystal, and a nondepleted reference beam is assumed. In our experiment the optical frequency components of each input beam are spectrally dispersed at the NLC. The degree of spectral dispersion can be characterized by a parameter N, which is proportional to the ratio of the spatial extent of the dispersed beam to the beam radius w 0 of an individual frequency focused at the nonlinear crystal. 2 At any given spot in the NLC the pulse is stretched in time to a duration T ϭ Nt p , where t p is the input pulse duration and T is the time window of the system. Both t p and T refer to the intensity full width at half-maximum. The beam radius w 0 is related to the input beam size, w in by
Since the reference pulse with energy U r is dispersed over an area of roughly Nw 0 2 /(2ͱ2) at the NLC (see Appendix A), the reference intensity I r in Eq. (4) can be written approximately as
and therefore
where we have set n ϭ n r Ϸ n s Ϸ n SUM . It is well known that, in the absence of spatial and temporal walkoff, optimum focusing is achieved for L Ϸ 2.84b, 14 where b ϭ 2nw 0 2 / c is the depth of focus and L is the actual crystal length (6.2 mm). This condition is approximately satisfied in our experiment. The effective interaction length L eff is determined by the minimum of the crystal length L and the depth of focus b. Substituting L eff ϭ b into Eqs. (3) and (7), one obtains
Substituting in the parameters of our experiment (U r ϭ 2 nJ, t p ϭ 125 fs, b ϭ 2.8 mm, n ϭ 2.278, and T ϭ 3.9 ps), we predict ⌫L eff Ϸ 0.44 and Ϸ 96%.
Given the approximate nature of our theoretical treatment, this is in reasonable agreement with our data. This agreement validates our theoretical approach for approximating the conversion efficiency of this time-tospace conversion scheme.
DISCUSSION AND SUMMARY
To identify a figure of merit for time-to-space conversion, we consider how the conversion efficiency can be opti- mized for fixed U r , t p , T, and c , since we assume that these parameters will be determined by the system requirements. Clearly one wishes to maximize the quantity d eff 2 L/n 2 while maintaining the optimum focusing condition. One can achieve the desired time window T at the same time as optimum focusing by adjusting both the input beam size and the focal length f 1 . Clearly we desire a material that has a large nonlinear coefficient (d eff /n) and that permits noncritical phase matching, which eliminates spatial walkoff to allow for long interaction length. Potassium niobate is an excellent example of such a material for the wavelength range considered here. For high-speed fiber applications in which c Ϸ 1.55 m, periodically poled lithium niobate 15 would be an attractive nonlinear material for similar reasons.
In conclusion, we have presented an efficient, ultrafast time-to-space transformation system using the effect of SFM inside a femtosecond optical-pulse shaper. Efficiency of more than 50% is achieved with type-I noncritical phase matching in a thick KNbO 3 nonlinear crystal. This high efficiency may permit the construction of systems with time-to-space conversion used to perform ultrafast pulse processing in real time at frame rates compatible with high-speed communications.
